We report on theoretical and computational studies of electron and nuclear energies in the Coulomb explosion of ͑D 2 ͒ n/2 clusters ͑n = 250-33 000, cluster radius R 0 =11 Å-55 Å͒ coupled to ultraintense Gaussian laser fields ͑laser peak intensities I M =10 15 -10 18 W cm −2 , pulse widths = 25-50 fs, and frequency = 0.35 fs −1 ͒. Molecular dynamics simulations were fit by semiempirical relations for the average E av and maximal E M ion energies and for their dependence on the cluster radius ͑R 0 ͒ and on the laser parameters. This revealed two kinds of Coulomb explosion domains separated by the border radius R 0 ͑I͒ , which marks complete cluster outer ionization and which depends on I M and , ͑i͒ the cluster vertical ionization ͑CVI͒ domain ͑R 0 Ͻ R 0 ͑I͒ ͒, where
I. INTRODUCTION
New developments in the experimental ͓1-15͔ and theoretical ͓16-30͔ exploration of the dynamics of large finite systems pertain to electron-nuclear dynamics of large molecules and clusters in ultraintense laser fields ͑laser peak intensities I M =10 15 -10 20 W cm −2 ͒. This research area transcends femtosecond nuclear dynamics on the time scale of nuclear motion ͓31-34͔, unveiling features of attosecond/ femtosecond electron dynamics ͓35,36͔, which triggers femtosecond nuclear dynamics ͓18,25-28͔. The response of elemental ͓1-3,5,6,11,13,15͔, molecular ͓4,7,9,10,12-14͔ and metal ͓8,37,38͔ clusters to ultraintense laser fields manifests sequential-parallel processes of electron dynamics involving inner ionization, nanoplasma formation and outer ionization ͓6,16,24,28,36͔. Nanoplasma response and ionization by the laser field is accompanied and followed by nuclear ͑ion͒ dynamics of Coulomb explosion ͓6,23,27͔ of extremely charged ions, e.g., H + , D + , C q+ ͑q =4-6͒, O q+ ͑q =6-8͒, Xe q+ ͑q =3-36͒ ͓2,4,22,24,39,40͔. Theoretical and computational studies of electron dynamics of clusters in ultraintense laser fields focused on extreme inner-outer ionization levels, as well as on time scales for nanoplasma formation, persistence and decay, while exploration of nuclear dynamics considered the ion energetics and the time scales of Coulomb explosion ͓6, 16-30,36-40͔ . From these studies information emerged on the dependence of the energetic and dynamic observables for electrons and nuclei on the cluster size, and the dependence on the laser parameters ͑i.e., pulse shape, temporal width, and peak intensity͒. In particular, theoretical and computational studies of nuclear dynamics resulted in detailed information on the ion energy, i.e., maximal energies and ion energy distribution, and their dependence on the cluster size and on the laser pulse intensity ͓16-30,39,40͔.
Experimental data for electron dynamics in clusters, coupled to ultraintense laser fields, are scarce and are available only for electrons ejected from the cluster ͓3,41͔. Information on energies of nanoplasma electrons within the clusters emerged from molecular dynamics simulations of high-energy electrons ͑with an average kinetic energy of ⑀ = 50-60 eV at I =10 16 W cm −2 and ⑀ Ӎ 0.4-0.9 keV at I M =10 18 W cm −2 in the ͑Xe͒ n clusters ͓36͔͒. The validity conditions for the applicability of classical molecular dynamics to the nanoplasma electrons rests on the conditions for the localization of the wave packet ͓42͔ and for the distinguishability of identical particles ͓43͔. The wave packet localization condition ͓42͔ implies that the de Broglie wavelength DB = h͑2m⑀͒ −1/2 is considerably smaller than the interelectron separation r 0 = R 0 / n 1/3 Ӎ 3.1 Å ͓27͔, where R 0 is the initial deuterium cluster radius and n is the number of electrons. For ⑀ = 1 keV, DB = 0.36 Å, while for ⑀ = 100 eV, DB = 1.1 Å, whereupon the condition DB Ͻ r 0 is well satisfied for ⑀ = 1 keV electrons ͑at I M ജ 10 17 W cm −2 ͓22,36͔͒, and is still valid for ⑀ = 100 eV electrons ͑at I M ജ 10 15 W cm −2 ͓22͔͒. The distinguishability condition for identical particles, which implies the neglect of quantum permutation symmetry constraints, is valid provided that ͓43͔ f = exp͓−͑r 0 / DB ͒ 2 ͔ Ӷ 1. For ⑀ = 1 keV, f Ӎ 10 the D + ions produced by the ͑D + ͒ n → nD + process is of interest. Our computational and theoretical studies of the cluster size dependence ͑characterized by the cluster radius R 0 ͒ of the average energies E av and of the maximal energies E M of deuterons produced by Coulomb explosion of ͑D 2 ͒ n/2 clusters ͓22,27͔ established the cluster vertical ionization ͑CVI͒ domain, where E av , E M ϰ R 0 2 and the energy distribution P͑E͒ ϰ E 1/2 , being independent on I M ͓16,18,22,25,27͔. The laser intensity and cluster size range for the prevalence of the CVI domain are characterized by the condition R 0 ഛ R 0 ͑I͒ , where R 0 ͑I͒ is the border cluster radius, which is characterized by complete outer ionization ͓27,28,40,44͔. In the CVI domain, a quantitative agreement between the theoretical and the computational results for the ion energies was established ͓21,22,25,27,40͔. At R 0 Ͼ R 0 ͑I͒ the energetics of Coulomb explosion manifests near saturation of E av with increasing R 0 . In the ͑D 2 ͒ n/2 cluster size domain ͑n = 460-8000͒ previously studied by the authors of this paper ͓27͔, these severe deviations from the CVI were manifested for I M =10 15 -10 16 W cm −2 , an intensity domain of considerable experimental interest ͓2,6,9,12,13͔. These deviations from the CVI scaling were documented for Coulomb explosion of deuterium homonuclear clusters ͓27͔ as well as for heteroclusters ͓28͔. However, a quantitative description of the energetics in the non-CVI domain was not developed. In this paper we explore the energetics of Coulomb explosion of ͑D 2 ͒ n/2 clusters ͑n = 250-33 000, R 0 =11 Å-55 Å͒ in the range of the laser intensity, the laser pulse length and the cluster size, where the cluster outer ionization is incomplete, so that the CVI conditions break down ͓27͔. The simulation results of electron and nuclear dynamics were fit by empirical relations for the E av and E M energies and for the energy distribution of the deuterons. In order to explain the features of Coulomb explosion in the non-CVI domain ͑R 0 Ͼ R 0 ͑I͒ ͒, we introduce a cold nanoplasma model for the occurrence of Coulomb explosion of clusters in the presence of the nanoplasma.
II. CLUSTER SIZE AND INTENSITY DEPENDENCE OF ION ENERGIES
The average and maximal atomic kinetic energies E av and E M , respectively, of D + ͑ion͒ nuclei from Coulomb explosion of ͑D 2 ͒ n/2 clusters was determined from molecular dynamics simulations for the ͑high-energy͒ electrons and nuclei ͓40͔, in a cluster coupled to a Gaussian-shaped laser pulse,
The laser intensity I͑t͒ is assumed to be uniform inside a cluster. This assumption is valid, provided that the light wavelength is much larger than the cluster size and if the laser light is not noticeably attenuated by absorption while propagating through the cluster. For the laser frequency = 0.35 fs −1 ͓27,40͔, used in the present work, the wavelength = 8750 Å is considerably larger than the maximal cluster diameter of 2R 0 = 110 Å considered by us. The problem of the light attenuation will be further discussed below.
In the laser intensity range, which is of interest to us ͑I M ജ 10 15 W cm −2 ͒, the initial time t = t s for the onset of the simulations is taken at the laser intensity I͑t s ͒, which corresponds to complete one-electron barrier suppression ionization of all the atoms in the molecular cluster ͓40͔. 18 W cm −2 . Thus, for deuterium clusters studied herein, the inner ionization is taken to be complete at t = t s ͓40͔ and we focus on the dynamics of the nanoplasma response, on the electron outer ionization dynamics, and on nuclear Coulomb explosion. For a lower intensity range ͑I M Ͻ 10 15 W cm −2 ͒ a complete description of inner ionization by barrier tunneling ͓24͔ will be required.
Most of the simulations reported in this section and analyzed in Secs. II and IV were performed with pulse widths of = 25 fs and = 50 fs. These results for the energetics with = 25 fs are portrayed in Figs. 1 and 2. Under CVI conditions the cluster size dependence of the average E av and the maximal E M energies is expected to obey the scaling law ͓27͔
where B = 14.4 eV Å, q = 1 is the deuteron ionic charge, is the cluster initial atomic density ͑ = 0.05 Å −3 for deuterium clusters͒, and ␣ is a numerical coefficient close to unity ͓27͔. These features of Coulomb explosion energetics are well described by complete outer ionization ͓16,18,22,25,27͔. The single cluster energy distribution is given by ͓27͔ 
The CVI validity conditions and Eqs. ͑2͒-͑4͒ are applicable for the cluster size domain R 0 Ͻ R 0 ͑I͒ . This border radius is intensity ͑I M ͒ dependent and is expected to depend on other laser pulse parameters, e.g., the pulse duration. R 0 ͑I͒ marks the upper limit of R 0 for complete depletion of the nanoplasma by outer ionization and manifests the onset of the breakdown of the CVI ͓27,28͔. For ͑D 2 ͒ n/2 clusters ͓in the laser field, Eq. ͑1͒, with =25 fs͔, we infer from an electrostatic model ͓27͔ that 
where ␣ = 0.93, ␤ = 0.52, ␤ = 0.60, and R 0 ͑I͒ is represented by the empirical relation
͑8͒
with A = 1.95ϫ 10 −7 Å/͑W cm −2 ͒ 1/2 for = 25 fs. The border cluster radius R 0 ͑I͒ obtained from the empirical relation, Eq. ͑8͒, is not markedly different from the theoretical value, Eq. ͑5͒, and from the estimates based on simulations for the complete depletion of the nanoplasma ͓27͔, the deviation being 10%-25% ͑Fig. 3͒.
Equations ͑6͒ and ͑7͒ provide fitting equations for E av and E M , which are approximately reduced to the E av , E M ϰ R 0 2 CVI limit, Eq. ͑2͒, at low intensities ͑I M Ͻ 10 17 W cm −2 ͒ and for low ͑intensity dependent͒ cluster sizes, while at high intensities ͑I M Ͼ 10 17 W cm −2 ͒ the CVI limit is applicable over the entire cluster size domain studied herein. The simulation results of Fig. 1 fitting equation for the maximal energy E M , Eq. ͑7͒, coincides with the CVI result, Eq. ͑3͒, for R 0 Ͻ R 0 ͑I͒ ͑Fig. 2͒. In the non-CVI domain of R 0 Ͼ R 0 ͑I͒ , Eq. ͑7͒ fits the roughly linear increase of E M with increasing R 0 ͑Fig. 2͒. While in the CVI range ͑R 0 Ͻ R 0 ͑I͒ ͒ the cluster size dependence of both E av and of E M is identical, in accordance with Eqs. ͑2͒ and ͑3͒, the dependence of E av and E M on R 0 is quantitatively different in the non-CVI ͑R 0 Ͼ R 0 ͑I͒ ͒ range. This interesting feature of the non-CVI domain reflects on the Coulomb explosion dynamics of a charged cluster in the presence of the nanoplasma ͑Sec. III͒. The energetic data for E av and E M ͑Figs. 1 and 2͒, together with the R 0 ͑I͒ data ͑Fig. 3͒, were obtained for the laser pulse width of = 25 fs. As recently shown in Ref.
͓27͔ the increase of the Gaussian pulse width affects the energetics of the D + ions. To obtain some additional information on the dependence of these data on the laser pulse parameters, we performed simulations for E av and E M induced by a laser pulse of =50 fs ͑Figs. 4 and 5͒. At the higher laser intensities of I M ജ 10 17 W cm −2 , the E av and E M energies for the longer = 50 fs pulse ͑Figs. 4 and 5͒ manifest the CVI behavior, Eqs. ͑2͒ and ͑3͒, as in the case of the = 25 fs pulse ͑Figs. 1 and 2͒. The E av and E M data obtained for =50 fs are only slightly lower ͑by ϳ6%͒ than the corresponding data for the = 25 fs pulse, so that the effect of the laser pulse length on the energetics in the CVI region is only minor.
For a pulse length of = 50 fs, the CVI relation for E av and for E M breaks down for intensities of I M =10 15 -10 16 W cm −2 ͑Figs. 4 and 5͒ and E av vs R 0 2 exhibits near saturation, e.g., for I =10 15 W cm −2 at the largest value of R 0 = 43 Å studied herein ͑Fig. 4͒. This trend for E av at = 50 fs is qualitatively similar to the one observed for the shorter = 25 fs pulse ͑Fig. 1͒. Most important, the nearsaturation value of E av is considerably larger for =50 fs than for = 25 fs at a fixed I M ͑10
15 -10 16 W cm −2 ͒ in the non-CVI regime ͑inserts to Figs. 4 and 5͒. The CVI border radii R 0 ͑I͒ may be found by the outer ionization criterion, with R 0 ͑I͒ being equal to the initial radius R 0 of a cluster whose outer ionization process is completed at the intensity peak t =0 ͓27͔. It was suggested ͓36͔ that the outer ionization is completed when 95% of the electrons are removed from the cluster. Using the outer ionization criterion for the = 50 fs simulation resulted in R 0 ͑I͒ = 9.5 Å and 30 Å systematically larger than the corresponding data for =25 fs ͑insets to Figs. 2 and 5͒. The simulated E M energies for = 50 fs could be empirically fit ͑Fig. 5͒ by Eq. ͑7͒ with the parameter ␤ = 0.56 ͑instead of ␤ = 0.60 for =25 fs͒, and using the R 0 ͑I͒ values from Eq. ͑8͒.
Our simulations provide the energy E abs , which is absorbed by the cluster, per laser pulse. E abs will be compared with the laser energy flow E f through the cluster. Neglecting the cluster expansion due to Coulomb explosion, we present the energy flow as E f = R 0 2 ͐ −ϱ ϱ I͑t͒dt. From the comparison between E f and E abs we shall be able to establish whether light absorption significantly contributes to the attenuation of the laser intensity within a single cluster and, consequently, to the violation of the uniformity of the intensity, which is implied by Eq. ͑1͒. Due to energy balance, E abs is equal to the final total energy of all the particles, i.e., ions and electrons. On the basis of our simulations E abs ϰ R 0 , where =3 in the non-CVI domain and = 5 in the CVI domain. On the The most interesting result of the present analysis involves the characterization of the non-CVI region, which exhibits a marked enhancement of the energetics of Coulomb explosion with increasing the laser pulse length ͓point ͑3͒ above͔. This issue, which is related to the dependence of the border radius R 0 ͑I͒ ͓point ͑4͒ above͔ pertains to Coulomb explosion of an incompletely ionized cluster in the presence of the nanoplasma.
III. THE COLD NANOPLASMA MODEL FOR THE NON-CVI DOMAIN
The Coulomb explosion features in the CVI domain ͑R 0 Ͻ R 0 ͑I͒ ͒ are well described by the model, which considers the cluster at the onset of Coulomb explosion as a purely ionic system ͑complete outer ionization͒ in the geometry of a neutral cluster ͓16,22,27͔. In the opposite, non-CVI domain, case ͑R 0 Ͼ R 0 ͑I͒ ͒ the laser field is not sufficiently strong to remove all the electrons from the cluster. Then the outer ionization process occurs on a time scale comparable to the pulse duration ͓36͔, and the outer ionization level n oi ͑deter-mined as the number of electrons removed from the cluster per atom͒ becomes considerably lower than the inner ionization level n ii ͑n ii = 1 for deuterium clusters͒ ͓40͔.
The ionization in the non-CVI ͑R 0 Ͼ R 0 ͑I͒ ͒ domain corresponds to the weak outer cluster ionization, whereupon Coulomb explosion occurs from the ionic cluster which still contains the nanoplasma. Simulations performed in the non-CVI domain, R 0 ӷ R 0 ͑I͒ , show that the nanoplasma electrons are not considerably heated by the laser radiation, most probably because of efficient energy acquisition of electrons removed from the cluster by the outer ionization process. This picture of high-energy emerging electrons and of low-energy remaining nanoplasma electrons bears analogy to cluster evaporative cooling. For example, in the D 3367 cluster ͑R 0 = 25.4 Å͒ subjected to I M =10 15 W cm −2 radiation ͑R 0 ͑I͒ = 6.2 Å͒, the average kinetic energy of electrons at the pulse peak is ϳ50 eV-100 eV, whereas the electron potential energy at the cluster borderline is about 550 eV. Accordingly, it is appropriate to refer to the nanoplasma as a ͑rela-tively͒ low-electron energy, "cold" nanoplasma.
Neglecting the electron kinetic energy we treat the cluster electrons as a "cold" nanoplasma, which forms a neutral sphere with a radius
where R is the cluster radius and n oi is the outer ionization level per D atom. The "cold" nanoplasma model involves a lychee configuration for the spatial distribution of the charge, with the ions from the electron-free spatial exterior range R p ഛ r ഛ R 0 undergoing Coulomb explosion, while ions from the interior range 0 ഛ r ഛ R p of the neutral nanoplasma are characterized by low kinetic energy. The lychee configuration is expected to be valid at the lower intensity range of the ultraintense region, i.e., I M ϳ 10 15 W cm −2 , where the nanoplasma interior and the ionic exterior are concentric. On the basis of molecular dynamics electron-nuclei simulations for Xe n clusters ͓36͔, such a central structure prevails for intensities of I M =10 15 W cm −2 , while for intensities of I M =10 16 W cm −2 the interior nanoplasma sphere is shifted from the cluster center ͓36͔, manifesting the onset of the breakdown of the cold nanoplasma model. The cluster expansion was found to be slow on the time scale of the evolution of the laser pulse, so that at the laser pulse peak, where the outer ionization process is most effective, R / R 0 Ӎ 1.10, where R 0 is the initial radius. Ignoring this small radius increase we take R = R 0 in Eq. ͑9a͒. The simulations give n oi Ͻ 0.4 and, according to Eq. ͑9a͒, ͑R 0 -R p ͒ Ͻ 0.16R 0 . Taking s = R 0 -R p Ӷ R 0 , we estimate from Eq. ͑9a͒ that n oi = 3s/R 0 Ͻ 1. ͑9b͒
At the cluster periphery, between R p and R 0 , a narrow charged shell consisting of only ions is formed. A simple electrostatic treatment provides the following expressions for the ion energetics:
Eq. ͑11a͒ can be expressed in the alternative form
where E av CVI = ͑4 /5͒BR 0 2 is the CVI average energy, Eq. ͑2͒, for ␣ = 1 and q = 1, and E av is given by Eq. ͑10͒, resulting in the relation E M 2 / E av ϰ E av CVI . Two conclusions emerge for the energetics of the "cold" nanoplasma model, Eqs. ͑10͒, ͑11a͒, and ͑11b͒, as follows:
͑1͒ Independence of E av on the cluster size ͑at fixed I M and ͒. Provided that s is independent of R 0 , as will subsequently be demonstrated by the cluster barrier suppression ionization model ͓40͔, then E av vs R 0 2 will exhibit saturation. ͑2͒ Increase of E M with increasing the cluster size ͑at fixed I M and ͒. Equation ͑11b͒ indicates that for a constant ͑saturated͒ average energy range of E av the maximal ion energy E M increases linearly with increasing the cluster radius R 0 .
Conclusions ͑1͒ and ͑2͒ are in accordance with the simulation results ͑Figs. 1, 2, 4, and 5͒. In order to estimate the radius R p of the neutral nanoplasma, we shall apply the cluster barrier suppression ionization ͑CBSI͒ model ͓40͔. According to this model the total cluster ionic charge Q cl = nn oi , with n being the number of atoms, is proportional to the laser field peak amplitude F M , being given by
͑12͒
Also, the CVI border radius R 0 ͑I͒ provided by the CBSI model
Using Eqs. ͑13͒ and ͑9b͒ we obtain
providing a relation between the width of the charged shell and the border radius. Two important features of the "cold" nanoplasma model emerge from Eq. ͑14͒. First, the width of the charged shell does not depend on the cluster radius. This result provides justification for the saturation of E av in the non-CVI "cold" nanoplasma domain ͓point ͑1͒ above͔. Second, due to the R 0 ӷ R 0 ͑I͒ condition, this shell is narrow, in accordance with the inequality condition in Eq. ͑9b͒. To provide explicit relations for the energetics in the non-CVI, "cold" nanoplasma domain within the framework of the CBSI model, we establish the dependence of E av and E M on R 0 ͑I͒ . Substituting Eq. ͑14͒ into Eqs. ͑10͒ and ͑11͒ we find that
while the ratio of the energies assumes the simple form
Equations. ͑15͒-͑17͒ imply that for fixed laser parameters ͑I M and ͒ E av is independent of the cluster radius ͓point ͑1͒ above͔, while E M ϰ R 0 ͓point ͑2͒ above͔, in accordance with the simulation results. Equations ͑15͒-͑17͒ account for the dependence of the energetics on the cluster size ͑or the lack of it͒ and on the laser parameters in the "cold" nanoplasma domain. In particular, these results properly account for the dependence of the energetics on the laser pulse length, which is attributed to the dependence of R 0 ͑I͒ on ͑Sec. II͒. Thus for I =10 15 W cm −2 we expect that the enhancement of the average energy in the saturation region will be E av ͑ =50 fs͒ / E av ͑ =25 fs͒ = ͓R 0 ͑I͒ ͑ =50 fs͒ / R 0 ͑I͒ ͑ =25 fs͔͒ 2 = 2.4, in accordance with the simulation data of Figs. 1 and 4, which give E av ͑ =50 fs͒ / E av ͑ =25 fs͒ = 4.0, which is independent of R 0 . For a fixed value of R 0 we expect that in the linear region of E M vs R 0 we have
with the simulation results of Figs. 2 and 5, which give
The "cold" nanoplasma model semiquantitatively accounts for the dependence of the energetics of Coulomb explosion on the temporal pulse width ͑Sec. II͒. To obtain a unified plot for the cluster size dependence of the energies, we utilize Eqs. ͑2͒, ͑3͒, ͑15͒, and ͑16͒ to obtain
where E av ͑R 0 , I M , ͒ and E M ͑R 0 , I M , ͒ are the non-CVI energies, which depend on R 0 , I M , and , while E av CVI ͑R 0 ͒ and E M CVI ͑R 0 ͒ are the corresponding CVI energies, Eqs. ͑2͒ and ͑3͒, which depend only on R 0 . The energy ratios in Eqs. ͑18͒ and ͑19͒ depend on the ratios of the cluster radius and of the border radius, with the latter being dependent on I M and . In Fig. 6 we present the unified plots of the energy ratios vs ͑18͒ and ͑19͒. However, the slopes of these linear plots for E av CVI / E av and for E M CVI / E M ͑Fig. 6͒ depend on , in contrast to the predictions of Eqs. ͑18͒ and ͑19͒, reflecting on the limitations of the model, which will be discussed below. From the linear portions of the energetic data in Fig. 6 we assert that the onset of the applicability of the non-CVI "cold" nanoplasma domain is manifested in the cluster size domain of R 0 = ͑2 -2.5͒R 0 ͑I͒ .
From the foregoing analysis it is apparent that the E av and E M energies in the non-CVI "cold" nanoplasma domain are qualitatively described by the "cold" nanoplasma model. As will be shown in Sec. IV, this model also properly describes the shape of the kinetic energy distribution of the D + ions. The quantitative predictions of the "cold" nanoplasma model are less satisfactory. The non-CVI "cold" nanoplasma average energy E av , Eq. ͑6͒, and the maximal energy E M , Eq. ͑7͒, are
and
Substituting Eq. ͑8͒ into Eqs. ͑20a͒ and ͑21a͒, we obtain the intensity dependence of the energetics for
with E av ϰ I M being independent of R 0 , while E M ϰ I M 1/2 R 0 . The fitting equations ͑20a͒ and ͑21a͒, which quantitatively account for the simulation data, properly describe the dependence of the energies on R 0 ͑I͒ and on R 0 in Eqs. ͑15͒ and ͑16͒, respectively. However, the proportionality coefficients in Eqs. ͑15͒ and ͑16͒ differ from those characterizing the exact simulation results, which appear in Eqs. ͑20a͒ and ͑21a͒, respectively. The proportionality parameter for E M ͑4␣ /3␤ ͒ in the fitting result in Eq. ͑21a͒ is larger by 47% ͑for =25 fs͒ and by 59% ͑for =50 fs͒ than the coefficient ͑4 /3͒ in the model result, Eq. ͑16͒. As the contribution of the range r Ӎ R 0 to E M is dominating, the agreement between Eqs. ͑16͒ and ͑21a͒ is adequate. The discrepancy is larger for the E av coefficient, which is ͑4␣ /5␤ 2 ͒ for the fitting result, Eq. ͑21a͒, and ͑2 /3͒ for the model result, Eq. ͑15͒, with differences of a numerical factor of 4 ͑for =25 fs͒ and 6 ͑for =50 fs͒ between the two coefficients. Using the numerical fits of the simulation data we expect from Eqs. ͑20a͒ and
The dependence of the ␤, ␤ , and parameters accounts for the deviations from the "cold" nanoplasma model. This model is expected to underestimate the average kinetic energy of the ions, since the lychee picture for the spatial charge distribution implies that Coulomb explosion occurs only from the range R p ഛ r ഛ R 0 . However, the contribution of a low-energy component in the ion kinetic energy distribution originating from the spatial range r ഛ R p is disregarded. This low-energy component is approximated by a delta function contribution within the "cold" nanoplasma model ͑Sec. IV͒, while in real life it is finite, making a large contribution to E av . On the other hand, there is no contribution of this low-energy component to E M .
IV. ENERGY DISTRIBUTION OF D + IONS IN COULOMB EXPLOSION
In the CVI domain, R 0 ഛ R 0 ͑I͒ , the energy distribution, Fig.   7͑a͒ , is well described by the P͑E͒ ϰ E 1/2 dependence, Eq. ͑4͒ ͓27͔. In the opposite, non-CVI, domain of R 0 Ͼ R 0 ͑I͒ ͓Fig.
7͑c͔͒, the energy distribution is bimodal, consisting of a broad maximum located in the vicinity of zero energy and a high-energy tail. Such energy distribution is in qualitative agreement with the energy distribution of the "cold" nanoplasma model. In the framework of this model the ions located inside the neutral plasma ͑at r Ͻ R p ͒ are not subjected to Coulomb explosion and their kinetic energy is zero. The energy distribution of these ions is described by a delta function. Ions with nonzero energy are produced in the charged outer shell R p ഛ r ഛ R 0 . The product ion energy distribution is presented by the sum with = 25 fs and 50 fs. The points marked in the figure were obtained from simulations of E av and of E M . The energy ratios approach unity in the CVI domain for R 0 Շ R 0 ͑I͒ . In the non-CVI domain, the "cold" nanoplasma model, Eqs. ͑18͒ and ͑19͒, predicts that these plots are linear, being marked by solid lines for the average energy ratios and by dashed lines for the maximal energy ratios.
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where P s ͑E͒ is the energy distribution of the ions from the charged shell. The electrostatic treatment of P s ͑E͒, applied together with Eqs. ͑9b͒ and ͑11a͒ for R 0 -R p Ӷ R 0 , gives
The bimodal distribution, Eq. ͑22b͒, provides a qualitative description of the simulation data ͑Fig. 7͒. In the real cluster, the low-energy deuterons are described by a finite size maximum in the energy distribution, instead of by a ␦ function, as in Eq. ͑22b͒. This low-energy maximum includes the majority of the cluster deuterons. The high-energy tail demonstrates a slight increase of P͑E͒, with E increasing up to the vicinity of the maximal energy E M , in accordance with the P s ͑E͒ component in Eqs. ͑22a͒ and ͑22b͒. In the intermediate case, when R 0 Ӎ 2R 0 ͑I͒ ͓Fig. 7͑b͔͒, the low-energy maximum is small and the high-energy tail resembles approximately the CVI energy distribution, Eq. ͑4͒. In order to properly describe the energy distribution for any cluster size, we suggest, in analogy with Eqs. ͑22a͒ and ͑22b͒, to use a two-component fitting equation for the bimodal distribution
where P 1 ͑E͒ is the low-energy component and P 2 ͑E͒ is the CVI energy distribution, Eq. ͑4͒, with the maximal energy E M , Eq. ͑7͒. Trying different functions to fit the simulation energy distributions we choose the form
The energy distribution presented by Eq. ͑23͒ yields the average energy
which must be equal to the average energy E av in Eq. ͑6͒. Using Eqs. ͑4͒, ͑24͒, and ͑25͒ to calculate Ẽ av , we utilized the condition Ẽ av = E av to evaluate the coefficient C 1 in Eq. ͑23͒,
Equation ͑23͒ properly describes the simulated energy distribution in the case of CVI conditions, R 0 Ͻ R 0 ͑I͒ ͓Fig. 7͑a͔͒, in the intermediate case of R 0 Ϸ R 0 ͑I͒ ͓Fig. 7͑b͔͒, as well as in the "cold" nanoplasma case, R 0 ӷ R 0 ͑I͒ ͓Fig. 7͑c͔͒.
V. CONCLUDING REMARKS
The present study of cluster Coulomb explosion extended the arsenal of theoretical models to treat the non-CVI domain. The benchmark data for the applicability of the theoretical models involve computational results based on molecular dynamics simulations. It would be very useful to apply experimental data for this purpose, however, these are scarce, being available only for deuterium clusters at very high intensities of I M =2ϫ 10 18 W cm −2 ͓14͔. For these intensities, the outer ionization of a ͑D 2 ͒ n/2 cluster is complete on a time scale of t oi = 25 fs for n = 8007 ͑R 0 =34 Å͒ ͓27͔, the nanoplasma is transient and the Coulomb explosion corresponds to the CVI domain. Our previous analysis ͓27͔ showed that for the energetics of Coulomb explosion of ͑D 2 ͒ n/2 clusters ͑E av =5-7 keV at I M =2ϫ 10 18 W cm −2 ͒ the experimental data in this CVI domain ͓14͔ can be accounted for by the simulation results for these clusters with R 0 = 51-60 Å, which exceed by 10%-25% the experimental estimate of R 0 =45 Å ͓27͔. This agreement between experiments and simulations in the CVI domain is quite satisfactory, in view of the uncertainties in the experimental estimates of the cluster radii and their size distribution ͓1,14,20,45͔. The maximal ion energy E M is much more strongly affected than the average energy E av by the size spread of the clusters ͓14,45͔. Consequently, the ion energy distribution P͑E͒ produced by the ensemble of size distributed clusters is expected to be different from the single cluster energy distribution, Eq. ͑23͒, which precludes the comparison of our theoretical energy distributions with the experimental results. The effect of cluster size distributions on the product ion energetics will be considered in a forthcoming paper ͓46͔. In view of the absence of experimental data for the non-CVI regime, simulation results must be confronted with the predictions of the "cold" nanoplasma model.
Two comments regarding the applicability of the simulation results for the description of the nanoplasma ͑at all I M values͒ and of the "cold" nanoplasma model ͑in the intensity range of I M =10 15 W cm −2 touches on the lower limit for the intensity domain, which is physically acceptable for this scheme. Second, we consider the issue of light absorption by the nanoplasma. In the non-CVI domain, where the nanoplasma is persistent ͓36͔, one may consider the enhancement of light absorption by resonance effects, which generate nanoplasma oscillations ͓1,3,47-50͔. The frequency of the linear oscillations for a thermally equilibrated and uniform nanoplasma is ͓1,36,43,45͔ p = ͑4e 2 p /3m͒ 1/2 . The initial electron density p in the persistent nanoplasma prior to Coulomb explosion is equal to the ion density, i.e., p = , so that p = 0.05 Å −3 for ͑D 2 ͒ n/2 clusters. The nanoplasma energy is then ប p = 4.8 eV. This value of ប p is significantly larger than the photon energy ប = 1.44 eV used in our simulations. It was suggested that the resonance conditions may be realized in the course of Coulomb explosion, when p decreases with cluster expansion ͓50͔. Our simulations reveal that the persistent nanoplasma maintains the initial spatial configuration of the electron cloud, which does not expand uniformly throughout the nuclear framework of the Coulomb exploding cluster. Furthermore our simulations, which take into account all the interactions which determine the electron trajectories in the coupled cluster-laser system, are expected to describe the nanoplasma oscillations. Our simulation results for the dynamics of nanoplasma electrons in the course of Coulomb explosion do not reveal any steep temporal increase of the electron energy, which could be interpreted as a resonance generation of nanoplasma oscillations, precluding the possibility of such excitations. In the CVI domain ͑R 0 Ͻ R 0 ͑I͒ ͒ and at the onset of the non-CVI domain ͑R 0 ϳ R 0 ͑I͒ ͒, the lack of distinct resonance energy absorption by cluster electrons can be explained by asserting that these electrons form highly nonequilibrium and spatially nonuniform systems ͓36͔ whose behavior cannot be described in terms of the plasma oscillation theory. The present study focuses on the non-CVI domain of cluster Coulomb explosion where the persistent nanoplasma within the cluster dominates nuclear dynamics. A classification of the two regions, the CVI and the non-CVI "cold" nanoplasma domains in the R 0 vs I M ͑fixed ͒ plane, is summarized in Fig. 8 . The gross effects of the persistent nanoplasma on the energetics of Coulomb explosion are manifested by deviations of E av and E M from the CVI-type cluster size scaling equation, with the energies being systematically lower in the non-CVI regime than predicted for the CVI regime, Eqs. ͑2͒ and ͑3͒. The transition from the CVI domain
by the border cluster radius R 0 ͑I͒ , which is dependent on the laser parameters ͑peak intensity and pulse duration͒, and on the chemical and physical nature ͑structure, electronic structure, and ionization energies͒ of the cluster. On the basis of our simulations we assert that the non-CVI "cold" nanoplasma domain prevails for R 0 Ͼ ͑2.0-2.5͒R 0 ͑I͒ . We note in passing that border radii marking the upper limits for the E av ϰ R 0 2 energy dependence were previously introduced ͑as r max values͒ in the Coulomb explosion model of Parks et al. ͓20͔ . However, the physical meaning of these two parameters, R 0 ͑I͒ introduced herein and r max ͓20͔, is markedly different. The r max radius of Parks et al. ͓20͔ sets an unphysical upper limit for Coulomb explosion ͑i.e., E av = 0 for R 0 Ͼ r max ͒, whereas the R 0 ͑I͒ radius of Eq. ͑8͒ and Fig. 3 manifests the onset of the cluster size domain, where a slowing down of the linear increase of E av with increasing ͑R 0 ͒ 2 is exhibited. Furthermore, the work of Parks et al. ͓20͔ did not address the effect of the persistent nanoplasma on the Coulomb explosion energetics, which constitutes a central ingredient of our work.
In general, the CVI regime prevails over a broad cluster size domain in the laser intensity range I M տ 10 17 W cm −2 , while for lower intensities, when the onset of the non-CVI sets in for R 0 Ͼ R 0 ͑I͒ , the CVI regime is realized only for small clusters ͓e.g., for ͑D 2 ͒ n/2 at I M =10 15 W cm −2 , R 0 ͑I͒ = 6.2 Å for = 25 fs, and R 0 ͑I͒ = 9.5 Å for =50 fs͔. So, in the intensity domain of I M Շ 10 16 W cm −2 the non-CVI domain dominates. In view of the ubiquity of recent experimental studies of laser-cluster interaction in the intensity domain of I M =10 14 -10 16 W cm −2 ͓9,12,13,15͔, the present study of the energetics of Coulomb explosion in the non-CVI regime is of considerable interest. We have studied the energetics of the non-CVI regime by molecular dynamics simulations of electrons and ions, which were fit by semiempirical equations for E av , for E M , and for the distribution of the kinetic energies. This fitting procedure, which is determined by the border cluster radius R 0 ͑I͒ , results in an asymptotic cluster size dependence ͑or independence͒ for E av and E M ͑for R 0 ӷ R 0 ͑I͒ ͒. This can qualitatively be described in terms of a "cold" nanoplasma model, and is based on a lychee type structure of the nanoplasma charge within the cluster. It is important to note that the results of the present study are of broad applicability, being also relevant for Coulomb explosion of other elemental and molecular clusters. The saturation of E av and of the linear E M vs R 0 dependence at R 0 ӷ R 0 ͑I͒ found herein for deuterium clusters were also found from molecular dynamics simulations for other clusters, e.g., atomic Xe n ͓40,51͔ ͓Figs. 9͑a͒ and 9͑b͔͒ and molecular heteroclusters, i.e., ͑CH 4 ͒ n ͓28͔ ͓Figs. 9͑a͒ and 9͑b͔͒, and ͑ID͒ n ͓51͔ ͓Figs. 9͑a͒ and 9͑b͔͒. In the case of Xe n clusters, the "cold" nanoplasma behavior is manifested by saturation of E av ͓Fig. ͓Figs. 9͑a͒ and 9͑b͔͒, and for light ͑D + ͒ and heavy ͑I k+ , k =4-5͒ ions from ͑ID͒ n clusters ͓51͔ at R 0 Ͼ 12 Å at I M =10 15 W cm −2 ͓Figs. 9͑a͒ and 9͑b͔͒. In view of the cluster size dependence of the ionization level of the heavy ions ͓28,40,51͔, the near independence of E av on R 0 reveals slight deviations from saturation for the heavy ions. The average energies of the heavy ions in the "cold" nanoplasma domain decrease slightly with increasing R 0 , manifesting faint maxima at the beginning of this domain ͓Fig. 9͑b͔͒ ͓51͔.
The fitting equations advanced and evaluated for the deuteron energetics and bimodal energy distribution, Eqs. ͑6͒, ͑7͒, ͑23͒, and ͑26͒, allow us to describe the energetics of deuterons produced by Coulomb explosion of a single ͑D 2 ͒ n/2 cluster for an arbitrary cluster size, laser pulse intensity and laser pulse duration. These relations can be generalized for Coulomb explosion of deuterium containing heteroclusters. These fitting equations are very useful when an ensemble of differently sized clusters is subjected to nonuniform laser radiation. In forthcoming papers we shall apply these equations to treat light absorption by clusters ͓52͔ and to study the effect of light absorption and cluster size distribution on the dd nuclear fusion ͓46͔ driven by Coulomb explosion of deuterium clusters. FIG. 9 . Cluster size dependence of the energies of the product ions from Coulomb explosion of ͑Xe͒ n , ͑CH 4 ͒ n , and ͑DI͒ n clusters in the non-CVI domain. Laser pulse width = 25 fs. Laser peak intensities I M =10 15 W cm −2 for ͑Xe͒ n and ͑DI͒ n clusters, and I M =10 16 W cm −2 for ͑CH 4 ͒ n clusters. ͑a͒ Average ion energies E av vs R 0 , which manifest a weak cluster size dependence. ͑b͒ Maximal ion energies E M vs R 0 , which manifest a near-linear increase with increasing R 0 .
